Low-grade ores are becoming increasingly important to metal production due to increasing metal prices and depletion of high-grade, low-impurity sources. Bioleaching can be an option to recover the metallic content present in these tailings. In this work, the bioleaching potential of a low-grade copper ore, containing chalcocite, bornite and chalcopyrite, was demonstrated with a Sulfobacillus thermosulfidooxidans strain, at 50°C. Batch experiments were performed in shake flasks as well as a bioreactor (BioFlo 110), and the effects of pH, metal concentration and air flow rate on copper extraction were determined. The presence of fluoride in the gangue minerals resulted in up to 270 mg/L total fluoride in solution, which affected bioleaching. Fluoride toxicity was overcome with aluminium additions and resulted in high copper extraction (up to 100%) at pH 1.9. Speciation calculations were performed with on the aluminium-fluoride systems and indicated AlF 2+ as the main complex in the system, whereas HF concentration was reduced to values below 10 −4 mol/L, which seems to be the threshold for bacterial growth inhibition.
Introduction
The extractive metallurgy industry is facing the challenge of processing low-grade ores, which often contain deleterious elements in their gangue. Bioleaching can be an option to recover the metallic content present in these materials (Habashi, 1993) . Copper is one of such metals, as it has recently achieved record high prices, which facilitated the processing of these low-grade sources in a costeffective way. In this regard, bioleaching is one of the technologies available for the processing of such ores.
Secondary copper sulphides are especially amenable to bioleaching since high extractions at relatively fast kinetics can be achieved. Witne and Phillips (2001) assessed the performance of a mixed copper concentrate (chalcopyrite, bornite, chalcocite, covellite) during bioleaching with mesophiles (Acidithiobacillus ferrooxidans), moderate thermophiles (Sulfobacillus acidophilus) and extreme thermophiles (Sulfolobus strain BC65). Bioleaching achieved 76% extraction with A. ferrooxidans; 78% with S. acidophilus (50°C) and 85% with Sulfolobus, at 70°C (50% extraction in the control test). Bioreactor experiments at 3% (w/v) pulp density with the three microorganisms showed optimum extractions with 0.5 L-air/min air flow rate, producing average dissolved oxygen concentrations in the pulps higher than 3.5 mg/L. Overall, the copper leaching rate increased by up to 30% as compared to the shake flask runs and among the three type of strains, the moderate thermophiles performed better, showing higher copper leaching rates.
Column bioleaching experiments carried out with an ore in which 80% of the copper was covellite showed different behaviour with both mesophilic and thermophilic microorganisms (Acar et al., 2005) . One column, inoculated with a mixed culture containing Acidianus and Metallosphaera strains at 65°C, produced 75% copper extraction, in 345 days, whereas in those columns containing mesophilic bacteria (A. ferrooxidans and L. ferrooxidans), at 20-23°C, less than 20% copper extraction was observed. Ferric iron was the predominant species in the column with mesophiles, but up to 15 g/L Fe 2+ was observed in the experiments with thermophiles (at 65°C), since these microorganisms do not oxidize Fe 2+ as fast as mesophiles. Recently, Lee et al. (2011) compared the bioleaching performance of three different samples of the same ore, each one containing either chalcocite or covellite or enargite, as the predominant sulphide. The chalcocite rich sample was bioleached by both mesophilic and thermophilic strains with copper extractions ranging from 89.9% to 99.2%. The covellite sample was leached only with thermophiles (88.3-95.4%, in 300 days), and under mesophilic conditions copper extraction was lower than 20% (in 240 days). These results are consistent with previous studies on mixed sulphide bioleaching, which indicated slower covellite dissolution as compared to the chalcocite-containing column (Olson and Clark, 2001) . During ore bioleaching the gangue minerals may play an important role on bioleaching performance. Although the microorganisms can be adapted to high metal concentrations, anionic species present in the gangue minerals can impact bioleaching even at low concentrations (Suzuki et al., 1999) . The effects of anions such as sulphate, nitrate, cyanide, chloride on both ferrous iron and sulphur oxidation have been assessed, specially with mesophiles (Suzuki et al., 1999) . Sulphate has the smallest detrimental effect on bioleaching, while low concentrations of chloride, cyanide, nitrate and fluoride are detrimental to bacterial growth and therefore to bioleaching. Specifically, A. ferrooxidans growth on elemental sulphur was inhibited by sodium fluoride (NaF), and calcium fluoride was shown to reduce cell counts to values lower than the detection limit on experiments aiming to inhibit acid mining drainage production (Schippers et al., 1996) .
In addition to fluorite and fluorapatite, fluoride can be also associated with silicate minerals such as muscovite (KAl 3 Si 3 O 10 (OH) 2 ) and biotite (KFeMg 2 AlSi 3 O 10 (OH) 2 ). During column bioleaching of a chalcopyrite ore in which the main gangue minerals were silicates, Dopson et al. (2008) detected total fluoride concentrations as high as 300 mg/L, which affected bacterial growth. That resulted in low Eh values (420 mV) and high ferrous iron concentrations during bioleaching. Nevertheless, aluminium dissolved from the ore complexed free fluoride, reducing HF concentration and its detrimental impact on bioleaching.
This work reports results from a secondary sulphide ore bioleaching with a moderate thermophilic strain (Sulfobacillus thermosulfidooxidans) in the presence of fluoride ions. The effects of pH, magnesium, particle size and on copper extraction as well as aluminium-fluoride speciation are discussed.
Experimental

Ore samples
The bioleaching experiments were carried out with two secondary sulphide ore samples (Table 1 ). The first sample contains 0.9-1.43% copper and the second, 0.66-1.06%. Both ores will be henceforth referred to as high-copper and low-copper ores, respectively.
Mineralogical analysis -performed by optical microscopy as well as SEM-EDS and supported by chemical analysis -indicates that the high-grade copper ore sample contains biotite (42.3%), magnetite (21.5%) and silicates, specially amphibole (18.9%) and garnet (6.9%). In addition, the low-grade copper ore presents roughly the same amount of biotite (34.9%) and amphibole (25.2%), less magnetite (9.5%) and more garnet (16.7%). The copper containing minerals comprise bornite (36%) as well as chalcocite (64%) in the high-copper ore, while the low-copper ore contains 39% bornite, 55% chalcocite and 6% chalcopyrite. In both cases, cyanide-soluble copper accounted for 92.2% of the total copper in the high-copper ore and 85.0% in the low-copper ore, which is consistent with the mineralogical characterization. Both ores also contain 0.53-0.85% chloride and 0.53-1.0% fluoride as fluorite (CaF 2 ).
Bioleaching experiments
Bioleaching experiments were performed at 50°C with a moderate thermophilic strain (S. thermosulfidooxidans, DSMZ 9293) and bacterial growth was carried out in the Norris medium (0.2 g/L (NH 4 )SO 4 , 0.4 g/L MgSO 4 .7H 2 O, and 0.1 g/L K 2 HPO 4 ), supplemented with yeast extract (Difco) (0.1 g/L). Growth nutrient solution (50 mL) was adjusted to the required pH and transferred to 250 mL Erlenmeyer flasks and the required amount of Fe(II) was added as an acid solution containing 50 g/L Fe(II) (as FeSO 4 .7H 2 O). Afterwards, 5 g of the ore (corresponding to 5% (w/v) pulp density) were added and the flasks were inoculated with a 10 mL aliquot of the selected culture, containing some 10 7 cells/mL. Finally, distilled water was added to reach a final slurry volume of 100 mL. Subsequently, the pH was adjusted to the required value, and the flask weight was recorded. A temperature-controlled orbital shaker (New Brunswick) provided mixing (180 min -1
). Each flask was sampled by removing a 2 mL aliquot of the leach solution, which was then used for elemental analysis (Cu and Fe), by atomic absorption spectrometry (Perkin Elmer, AAnalyst 100) or Inductively Coupled Plasma -Atomic Emission Spectrometry (Varian 725). The pH (Hanna HI931400) was adjusted using 1 mol/L sulphuric acid or 6 mol/L sodium hydroxide. The redox potential (Digimed) (vs. Ag/AgCl reference) was also recorded. Evaporation losses were compensated by the addition of the Norris medium to the recorded weight. Sterile controls were also run in the presence of 0.015% (v/v) methylparaben -0.01% (v/v) propylparaben solutions as bactericide.
Aeration experiments were performed in a baffled bioreactor (New Brunswick Scientific -BioFlo 110) with 2 L of suspension containing 10% (volume) of inoculum. To produce the latter, 200 mL of the inoculum were transferred to the bioreactor, and growth medium containing 1 g/L Fe 2+ (as FeSO 4 ) was added to produce a final solution volume of 2 L. The pH was controlled during the experiments by the addition of either concentrated sulfuric acid or sodium hydroxide. Both the temperature and the stirring rate were maintained at 50°C and 300 min and 10.0 g/L) on copper extraction were studied. The total fluoride concentration was determined by an ion chromatograph (Metrohm) using an ASSUP-10 column and conductivity detection. The mobile phase was a Na 2 CO 3 /NaHCO 3 solution. Cell counts were performed using a Neubauer chamber in a phase contrast microscope (Leica). Ferrous iron concentration was determined by titration with standard potassium dichromate solution in the presence of a 1 H 2 SO 4 : 1 H 3 PO 4 solution using an automatic titrator (Schott -Tritoline Alpha). All chemicals used in this study were analytical grade reagents (AR) unless otherwise stated, and all solutions were prepared with distilled water.
The morphological features of the leach residues were studied by SEM-EDS with a JEOL JSM 501 SEM microscope. The particles investigated were filtered and observed as powder or mounted in Table 1 Chemical analysis (%) of the ore samples studied.
Element
Copper epoxy resin and then polished to a flat, mirrored surface. Energy dispersive X-ray spectroscopy (EDS) was used for elemental analysis.
Results
Fluoride toxicity
Initially, selected experiments followed the growth of S. thermosulfidooxidans in the presence of both the high-and low-grade copper ores since these secondary sulphides (chalcocite and bornite) are readily bioleached (Acevedo et al., 1993) . Indeed, copper extraction was close to 100% and 80% with the high-and the low-grade copper ore, respectively, at pH 1.65 in 2 weeks (Fig. 1) , it was clear from the experiments that bacterial activity was impaired; taking the indirect mechanism as predominating in these systems.
Chalcocite is believed to be leached in two stages: (i) firstly, a rapid step where there is 50% copper extraction and a form of CuS is produced (the so-called second stage covellite); (ii) in the second stage the reaction is slower and more sensitive to both solution potential and temperature. At 35°C and 451 mV, for instance, Bolorunduro (1999) observed no more than 70% copper extraction from chalcocite within 70 hours. Conversely, at 75°C, extraction values larger than 70% could be observed, highlighting the positive effect of temperature on copper leaching from the second stage covellite. Therefore, the large copper extraction observed with the high-grade ore (100%) in the present study could not be only ascribed to chemical leaching, although leaching at 50°C is expected to be more efficient than at 35°C. Overall, this result is consistent with bacterial leaching being impaired but not hindered completely, and a slow ferrous iron oxidation followed by a fast ferric iron reduction during copper sulphide oxidation would explain the low solution potential observed.
The reduced (or lack of) bacterial activity has been observed during bioleaching of many ores and has been ascribed in many instances to the deleterious effect of gangue minerals on bacterial activity (Dopson et al., 2008) . While S. thermosulfidooxidans can tolerate up to 3 g/L Cl − (Gahan et al., 2009) , fluoride is specially of concern as it predominates as HF at the given pulp pH, which can cross cell membranes and lower internal cell pH (Suzuki et al., 1999) . Actually, the presence of fluoride containing-minerals accounted for the failure of an industrial bioleaching operations (Brierley and Kuhn, 2010) . In the present work, chemical analysis showed that chloride concentrations in solution were lower than 60 mg/L, which is not detrimental to S. thermosulfidooxidans growth; however, fluoride concentrations reached 270 mg/L and 153 mg/L, for both the highcopper and the low-copper ore, respectively. This high fluoride concentration is sufficient for bacterial growth inhibition, as similar concentrations affected chalcopyrite bioleaching with a mixed culture of mesophilic bacteria (Dopson et al., 2008) . Fluoride ions toxicity on bacterial growth can be overcome by the presence of soluble aluminium in the leaching systems (Brierley and Kuhn, 2010; Dopson et al., 2008; Sundkvist et al., 2005) . This is because a series of strong complexes with the general formula [AlF n ] 3-n , is formed by the two species, thereby reducing both the free fluoride and HF concentrations. Fig. 2 presents a series of results where solution potential (Eh) and bacterial counts were followed at different Al/F molar ratios (in the absence of both ores) for a constant fluoride concentration (10.5× 10 -3 mol/L) in the reactor. It can be observed that both cell counts and solution potential do not increase for Al/F ratio equal or smaller than 1.0. Nevertheless, at aluminium -fluoride molar ratio of 1.4, the solution potential increases to 600 mV, and bacterial counts reach 10 7 cells/mL. Therefore, copper bioleaching was affected in the aforementioned experiments, since fluoride released by the ore inhibited bacterial growth. Hence, in all bioleaching experiments aluminium was added to the reaction systems (200 mg/L for the low-grade copper ore and 350 mg/L for the high-grade copper ore).
Bioleaching parameters
S. thermosulfidooxidans grows in the 1.1-2.4 pH range with optimum growth at pH 1.7-1.8 (Bogdanova et al., 2006) , which corresponds to the fastest ferrous iron oxidation (Watling et al., 2008) . Fig. 1 depicts the effect of pH on both the high-copper and lowcopper ore bioleaching in the 1.4-2.15 pH range, at 50°C. In the experiments with the copper ore, copper extraction was accomplished in 6 days and no major effect of pH on copper yield was noticed (Fig. 1a) . Nevertheless, in the control experiments, higher extraction was observed with increasing acidity, varying from 50% at pH 2.15 to 90% at pH 1.4 (Fig. 1b) . With the low-grade copper ore, copper was leached within 3 days (Fig. 1c ), but the extraction followed the pattern observed in the abiotic experiments (Fig. 1d) , i.e. lower extraction at higher pH (85% extraction at pH 1.4 and 72%, at pH 2.15). Compared with the biotic experiments, bioleaching at pH 1.9 produces the largest gain in copper extraction, as a 30% improvement is noticed in biotic conditions. Similarly, Guo et al. (2010) observed the highest difference between chemical copper extraction and that with bacteria at pH 2.0. However, as pH 1.65 showed overall higher copper extraction compared to that observed at pH 1.9 (low-grade ore), it was chosen for the subsequent experiments.
Four different particle size ranges were studied during bioleaching i.e., 150-106 μm, 106-75 μm, 75-53 μm and 53-37 μm and the results are shown in Fig. 3 . For the high-copper ore, the largest particle size range (150-106 μm) showed 60% extraction (30% in the control) and the smallest particle size ranges depicted around 100% leaching (30% in the control); therefore the particle size ranges with bigger surface area showed higher extractions, as expected. Nevertheless, for the low-grade copper ore slightly higher extractions were observed for the larger particle sizes, 80% for the 150-106 μm and 106-75 μm ranges and 70% for the fractions with smaller particle sizes (75-53 μm and 53-37 μm). This unexpected higher extraction at larger particles size could be ascribed to a change on the ore mineralogy with particle size and is consistent with studies on particle size effects on zinc bioleaching from a mixed zinc-copper sulphide (Olubambi et al., 2007) . This hypothesis could not be confirmed by MEV-EDS analysis as copper species were not observed in the leaching residues, likely due to the low metal content in these materials. They were identified only in the smallest particle size ranges, where copper content was the largest (Table 1) . Chalcocite and bornite grains were noticed in both ores before leaching ( Fig. 4a and b) , whereas chalcopyrite was detected in the chemical leaching residue from the experiment with the low-grade copper ore (Fig. 4c) . Conversely, only jarosite was observed in the bioleached residues (Fig. 4d) and resulted from ferrous iron oxidation as suggested by the high solution potential values observed (550-600 mV) in Figs. 4b and 3d. Elemental sulphur was not detected either in Fig. 4d and it may suggest it was oxidized by S. thermosulfidooxidans during sulphide bioleaching. External ferrous iron was not required for bioleaching of either ore as copper extractions were close to 100% (high-grade copper ore) and 80% (low-grade copper ore), even when there was no external ferrous sulphate addition. Under these conditions, iron-containing phase dissolution resulted in some 1.2 g/L total iron in solution, which is sufficient for bioleaching (Santos et al., 2006) . When ferrous sulphate was added (1-10 g/L), in all bioleaching systems the ferric iron concentration was always lower than 2.0 g/L due to substantial jarosite precipitation (Deveci et al., 2004; Qiu et al., 2006) , especially in the experiments with larger initial ferrous iron concentrations (10 g/L) (data not shown).
Heap leaching operations are designed to treat low-grade sources, such as the ores presently studied. In these operations, the barren solution is recirculated to the heap (or dump) after metal recovery and there is a built up of a series of metals, such as aluminium and magnesium, in the leaching liquor, which can impact bacterial growth, specially at high concentrations. This is because water activity is reduced at high ionic strengths, and therefore the cells lose water to the solution by an osmotic effect (Suzuki et al., 1999) . This effect was studied varying the aluminium and magnesium concentrations separately in solution from 0 to 10 g/L, since both element concentrations can reach such values during industrial bioheap leaching (Ojumu et al., 2008) . No significant effect was observed at lower concentrations, but at 10 g/L, magnesium and aluminium slowed copper leaching, although the final extractions were similar to those experiments where none were added (Fig. 5) . The slower extraction was derived from the lower solution potentials, as the magnesium and aluminium concentrations increased (Fig. 6) . Low magnesium concentrations are important for bacterial growth and it must be added to the solution if there is no magnesium-containing mineral in the ore. Conversely, aluminium is not required for bioleaching as it does not have metabolic functions, but due to the presence of soluble fluoride in the leaching system, the experiments where it was not added showed poorer leaching kinetics and the solution potential did not increase ( Fig. 6a and b) as compared to the experiments in the presence of 2.5 g/L Al 3+ and 5.0 g/L Al 3+ .
Therefore, for these two ores aluminium is required for bioleaching as previously discussed. These results are consistent with previous studies where aluminium was observed to affect, in any concentration, the ferrous iron oxidation rate by Leptospirillum ferriphilum whereas magnesium was detrimental only at concentrations higher than 10 g/L (Ojumu et al., 2008) . Similarly, magnesium affected A. ferrooxidans growth only at concentrations above 20 g/L (Li and Ke, 2001 ). Finally, a maximum copper extraction at 1% solids in an aerated stirred bioreactor was achieved after 3 to 4 days and was 100% with the high copper ore and 90% with the low copper ore, similar to that observed in the Erlenmeyer flasks. 
Discussion
Secondary sulphides are amenable to bioleaching and many industrial operations apply this technology to produce copper (Brierley, 2008) . During secondary copper sulphides bioleaching with S. thermosulfidooxidans, high copper extraction associated with high solution potentials was expected as this bacterium readily oxidizes Fe 2+ ions. Nevertheless, while high copper extraction was achieved in two weeks, the solution potential never increased, pointing to slow ferrous iron bio-oxidation i.e. bacterial growth was affected. With the help of mineralogical analysis it was possible to identify a possible explanation for the reduced bacterial activity in these systems. Fluoride, which was present in both the high-grade copper and the low-grade copper ore, was detected in fairly large concentrations as fluorite, and its dissolution released high total fluoride concentrations in solution.
Many studies have shown the detrimental effects of fluoride on bacterial growth, ascribed to the predominance of the HF form at the pH of bioleaching. Acidophiles maintain a neutral cytoplasmic pH, which is 4-5 units above external solution pH. To achieve that, the cytoplasmic membrane (a lipid bilayer), despite allowing flow of ions and molecules to support metabolism, must hinder protons from entering the cell. This is a specialized process because protons cross the membrane easier than any other monovalent cations. The entry of protons is further reduced by an inverted trans-membrane potential (ΔΨ), which also contributes to the neutral cytoplasmic pH (Slonczewski et al., 2009) . HF, the main fluoride species at acidic pH, is uncharged and small enough to cross the bacterial cell membrane and is converted to both free fluorine ions (F -) and protons (H + ) inside the cell, reducing its internal pH (Suzuki et al., 1999) . This is consistent with the observation that HF permeability is seven orders of magnitude higher than that of fluoride ions (F − ) on synthetic lipid bilayers (Gutknecht and Walter, 1981) . Table 2 gives the calculated concentrations of the main aluminium-fluoride complexes at the experimental conditions described in Fig. 2 (pH 1.65 , without the presence of solids), at 25°C and infinite dilution, with data provided by both the NIST database (Martel and Smith, 2003) and by Gimeno Serrano et al. (2000) . These calculations apply to the beginning of those experiments where Fe 2+ was the main iron species and ferric iron concentrations were low enough to affect the concentration of the aluminium-fluoride species. The aluminium sulphate complexes AlSO 4 + and Al(SO 4 ) -were also included in the calculations since sulphate is present in high concentrations (as compared to fluoride) in this system. Although actual values are somewhat different, due to the different bioleaching temperature and ionic strength, the results from Table 2 suggests AlF 2+ as the main complex at aluminium/ fluoride molar ratio larger than 0.70, unlike AlF 2 + , which was proposed to be the dominating complex by Sundkvist et al. (2005) . In the experimental conditions of the present work and for the aluminium/fluoride ratio that enabled bacterial growth (Al/F = 1.4), AlF 2+ represented 45.5% whereas AlF 2 + species account for 12.0% and AlSO 4 + , for 27.6% of the fluoride-containing species in the system. The predominance of AlF 2+ is consistent with the findings of Brierley and Kuhn (2010) . Nevertheless, HF is the species that affects bacterial growth. Table 2 also shows an increase in the HF concentration as the Al/F molar ratio decreases, ranging from 9.4 × 10 −5 mol/L at Al/F = 1.4 to 5.6 × 10 −3 mol/L at Al/F = 0.35. Therefore, 10 −4 mol/L seems to be the threshold for bacterial growth inhibition. This low limit would explain the detrimental effects of flouride during chalcopyrite heapbioleaching, as much higher HF concentration, varying from 0.14 × 10 −3 to 1.79 × 10 −3 mol/L, were calculated in the work of Dopson et al. (2008) . However, the stability constants of the aluminium-fluoride complexes applied by Sundkvist et al. (2005) were significantly lower than the values reported in both the NIST database and in the work of Gimeno Serrano et al. (2000) (Table 2) , which may had led to the different results.
Once the detrimental effects of fluoride have been overcome, bioleaching can be performed provided external aluminium sources are present as the experiments starts. This is important because iron is initially present as Fe 2+ , which, unlike Fe 3+ , does not form strong complexes with fluoride ions. Bioleaching kinetics in the presence of both fluoride and aluminium were faster as compared to the experiments without the metallic ion. Maximum copper extraction was attained in 6 and 3 days for the high-grade copper and low-grade copper ores, respectively, whereas in the absence of aluminium 14 and 12 days, respectively, were required for the same extractions (Fig. 1, pH 1.65) . If an external aluminium source is not added, it would be required aluminium leaching from the ore to produce metal concentrations capable of significant fluoride complexation. This would explain the faster copper leaching kinetics from the 7th to the 9th day onward shown in Figs. 1a and 4c.
During bioleaching the pH can be set at high values as compared to that required for chemical leaching (control) . While at the latter condition higher extractions were observed at lower pH (1.4), with an expected higher acid consumption (not determined), bioleaching enables copper extraction at higher pH, which has important implications for process economics. These results are consistent with heap bioleaching studies (columns), which observed substantial reduction in acid consumption as the solution pH was increased Halinen et al., 2009) . Acid consumption during bioleaching will be assessed in future column experiments. The bio-leaching of the low-grade copper ore was affected by particle size, with unexpectedly higher extractions for the two coarser ranges. This effect can be explained by considering the mineralogical composition of the low-copper ore, which contains chalcopyrite that is not amenable to leaching by moderate thermophiles (Xia et al., 2010) . As shown in Table 1 , copper content is larger in the finer particle size ranges and the chalcopyrite content could have also increased in this finer fractions. This is consistent with previous studies, which also showed that metal content changes with particle size (Antonijevic et al., 2008; Torrisi, 2001 ), but mostly these changes did not impact leaching yields (Kaewkannetra et al., 2009; Nemati et al., 2000) , as observed in this work. Higher copper content of finer particle size ranges were also observed in a study addressing flotation tailings leaching (Antonijevic et al., 2008) , but the copper mineralogy, comprised mainly of covellite, did not change with particle size, and higher copper extractions were observed for the finer fractions, as expected. In the present work, attempts to identify chalcopyrite in the leaching residues were unsuccessful. However, an indirect estimate of chalcopyrite content can be performed by measuring the amount of cyanide-soluble copper in the 4 particle size ranges studied. While bornite and chalcocite are readily dissolved in cyanide, chalcopyrite is considered non cyanide-soluble (Leaver and Wolf, 1931 ). For the smaller particle size, the cyanide-soluble copper content is smaller (Table 3) , thereby suggesting that the insoluble copper phases content (mostly chalcopyrite) is larger. That implies in a change on copper mineralogy with particle size for the low copper ore, as also observed by Olubambi et al. (2007) and Dew et al. (2000) .
Bioleaching seems to be a suitable option to recover metallic content from low-grade copper sources, potentially reducing environmental impacts of toxic metals. Moreover, acid mine drainage generated from mining residues is a slow process that can last for decades and pollute waters with metals and sulphate (acid and neutral drainages) as well as acidity (acid drainage). Once started, these processes are hard to stop. Bioleaching can be an viable option to deal with sulphide-containing mining wastes because it accelerates sulphide oxidation in a controlled way, enabling metal recovery from solution and this metallic content can be economically recovered and applied to cover costs associated with solid waste disposal as well as mining water treatment. This work is being conducted through column experiments where the best bioleaching parameters with S. thermosulfidooxidans will be established, with special attention to fluoride and aluminium build-up in the leach solution, as well as acid consumption.
Conclusions
Fluoride presence in both the high-grade copper and the lowgrade copper ores had a negative impact on copper bioleaching from secondary sulphides (chalcocite and bornite). Fluoride toxicity was removed with aluminium additions that enabled the production of AlF 2+ complexes and reduced the HF concentration to values below 10 −4 mol/L, which seems to be the threshold for bacterial growth inhibition. To achieve this, the minimum Al/F molar ratio should be 1.4. The best parameters for copper bioleching with Sulfobacillus thermosulfidooxidans from both materials were defined as particle size below 106 μm, 350 mg/L Al 3+ , for the high-copper ore and the particle size range 150-75 μm, 200 mg/L Al 3+ , for the low-copper ore. For both ores, a pH value of 1.90 showed the best results as compared with the control experiments. External Fe 2+ additions were not required for bioleaching, while high concentrations (10 g/L) of either Mg 2+ or Al 3+ slowed copper extraction. Copper extraction from both ores at 50°C can be carried out at pH values as high as 2.15, while for attaining similar extractions with chemical leaching the pH should be 1.4. Therefore bioleaching enables copper extractions with lower acid consumption. From a heap-bioleaching perspective, the PLS enrichment of fluoride and aluminium should be followed carefully since they can result in reduced operation performance.
